Abstract A slip model for gas flows in micro/nano channels induced by external body forces is derived based on Maxwell's collision theory between gas molecules and the wall. The model modifies the relationship between slip velocity and velocity gradient at the walls by introducing a new parameter in addition to the classic Tangential Momentum Accommodation Coefficient. Three-dimensional Molecular Dynamics simulations of helium gas flows under uniform body force field between copper flat walls with different channel height are used to valid the model and to determine this new parameter.
Introduction
The velocity of a fluid close to a solid wall is always different from the wall velocity even if the latter is perfectly diffusive. Especially, when the channel height is decreased to that of MEMS or NEMS devices (Micro/Nano Electro-Mechanical Systems), this phenomenon becomes highly important and must be taken into account. The Knudsen number Kn, the ratio between the mean free path λ and the characteristic length of the channel H, is the relevant parameter to quantify the Gas velocity near the wall, velocity of the wall < τ >,c
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slip effects. The mean free path λ is usually defined as the average distance that molecules travel between collisions and equal to
where n is number density and d is the effective molecular diameter. According to Maxwell's model [1] , the slip length L s in continuous fluid mechanics can be determined via the Tangential Momentum Accommodation Coefficient, also denoted by TMAC or σ v as follows
The slip velocity, v slip is calculated by the formula
The term ∂v ∂z w is the normal derivatives of the tangential velocity component at the walls, assuming that the normal to the wall is in the z-direction. If the velocity and coordinate in Eq. (3) are scaled with a reference velocity v ref and the channel height H, we havê
s is called the dimensionless slip length and equal to
when the Maxwell model is used. Consequently, for a given accommodation coefficient, Eq. (5) predicts that L * s is proportional to Kn. When Kn tends towards zero, we recover the no slip condition and when Kn increases, the slip effect increases. The Maxwell model is widely used to describe the slip at the walls because it only needs one parameter only, σ v .
The physical meaning of σ v in (2,5) is that if M molecules arrive at the wall, σ v M of them are reflected diffusively and the remaining (1 − σ v )M molecules are reflected specularly. Based on Eq. (2), one can determine TMAC by either experiments or Molecular Dynamics (MD) simulations. Some experimentalists controlled macroscopic quantities such as pressure and mass flow rate and made use of the relationship with the slip velocity to find TMAC (see e.g. [2, 3] ). Arkilic et al. [2] studied flows of nitrogen, argon and carbon dioxide through rectangular silicon channels and found TMAC ranging between 0.75 and 0.85. Colins et al. [3] worked on the couples silicon-nitrogen and silicon-helium and found a relatively high coefficient, 0.93. Recently, Maali and Bhushan [4] studied confined air flow between a spherical glass particle glued to the cantilever of an atomic force microscopy (AFM) and a glass plate. They let the cantilever oscillating and measured the hydrodynamic damping factor. Consequently, a value of the slip length of about 118 nm was obtained. It corresponds to an accommodation coefficient of 0.72. Direct measurements of TMAC on the couple He-Cu by Seidl (see [5, 6] ) stated that the coefficient depends on the collision angle between gas and solid, ranging from 0.6 to 1.0. On the other hand, Cao et al. [7, 8, 9] using MD approaches to simulate flows, revealed that TMAC at Ar-Pt interface can be as small as 0.2 and influenced by temperature and surface roughness. Arya et al. [10] simulated directly the collisions between gas and wall. Their results showed the dependence of TMAC on the wall's lattice structure. It remains constant as long as the drift velocity is small enough (less than 100 m/s). Finger et al. [5] used similar method as [10] to show that TMAC is affected by the adsorbed layer and their results matched the previous experiment of Seidl on the couple copper-helium. Generally speaking, both experimental and MD works gave a rather scattering results of TMAC and reflected the dependency of TMAC on many factors. Hence, this coefficient should be understood as an effective one and to be used with caution.
Extensions of Maxwell's model to different configurations have been considered in the past. When the Knudsen number increases, Beskok (see [11, 6] and the references cited therein) argued that higher order of the Knudsen number and higher order derivatives of velocity must be used in the slip equations. For curved surface, Lockerby et al. [12] accounted for the contribution of normal velocity in the viscous stress. In all the aforementioned works, the gas molecules are not subject to any external forces before arriving at the wall, which is not applicable in the presence of volume force field such as gravity, electrostatics, etc... With these force fields, the slip velocity is different from flows driven by pressure gradient and cannot be simply described by (2) . In what follows, on the basis of kinetic theory, we derive the new slip equation that accounts for the external body force field. 
Slip model for micro/nano gas flows induced by body force
In the following derivation, the gas flow is assumed to be isothermal so that the influence of temperature on the slip velocity is not taken into account. Using the similar approach of Beskok (see [11] ), let us consider a control surface s near and parallel to the wall (see Fig. 1 ). For a unit time, there are N gas molecules passing through the surface which are composed of N − molecules going downward and N + going upward with respectively average tangential velocities, < v − x > and < v + x >. The gas average tangential velocity at the wall v s may be written as
The molecules that go upward are those that previously went downward and were reflected at the surface s. Because the reflection is either diffusive or specular by the fractions σ v and 1 − σ v , the following relation holds for a wall moving at velocity v w :
which is equivalent to
Without external volume force, the N − molecules colliding with the wall come from one mean free path λ away from the wall without collision so that their velocity does not change < v − x >= v λ . We also assume that
The Taylor development of v λ near the wall,
, gives the relation for slip velocity v slip defined as v s − v w (first order Maxwell's relationship)
In the presence of uniform volume force, i.e. in the case where a constant acceleration γ x is applied on each gas molecule, < v − x > is no longer equal to v λ . When impinging at the wall surface, the term γ x β < τ > should be added to the average tangential velocity
Above, < τ > is the mean time for the molecules to arrive at the surface after the previous collision and is assumed to be λ/c wherec is the thermal speed of the gas. For gases in local equilibrium, the thermal speed is estimated byc = 2k B T /m. The constant β, introduced in the last term of (11), can be seen as a factor which accounts for the differences between the idealized conditions used to derive the slip model and the realistic ones. In reality, these differences can be due to the following reasons -the wall in the model is idealized as a surface and the gas wall collisions only take place at this surface. In fact, the wall also has an atomistic structure and the interaction force must be taken into account at distance of several molecular diameters.
-after arriving at the wall, the gas molecules can stay near the wall during a finite duration of time before leaving.
The value of β is expected to be close to unity. The slip equation with the corrected term becomes
Equation (12) is the new slip equation for general flows in which the body force is involved. In what follows, we study a particular case where the gas flow of viscosity µ is induced by a constant body force ργ x along one direction x. Without pressure gradient, the velocity profile is given by
which after combined with the new slip model equation (12) yields the dimensionless form
In the above equation, µ * is the scaled viscosity and µ is the kinetic theoretical viscosity [13, 14] 
We can deduce that the derived slip length is secondorder dependent of the Knudsen number. The influence of the volume force on the slip length becomes thus important when Kn is large enough. The ratio L * s /Kn is no longer equal to the constant α but is dependent on the channel characteristic dimension H via a composite parameter (µ * Kn)
. If Kn is increased and the variation of fluid viscosity µ is small, we shall observe an increase in the ratio L * s /Kn. In what follows, we use the molecular dynamics approach to valid this prediction and determine as well the two new model parameters α and β.
Molecular dynamics validation
In order to recover the dependence of slip velocities on the Knudsen number and volume force, we simulate a flow induced by uniform external volume force. The gas/solid couple investigated is helium (He) and copper (Cu). The choice of the couple He-Cu is motivated by two reasons: firstly, the accommodation coefficients derived experimentally and numerically are shown to be in good agreement (see for example ref. [5] ) and, secondly the interaction potentials between these atomic species have been widely used (see ref. [15, 16, 17, 5, 18] ). However, the present method can be applied to any gas/wall system as long as the interaction potential between the atoms is properly provided. Because the slip length depends on what happens at the interface, the final results are strongly affected by the choice of the system. The channel is made of two parallel solid walls, each of them contains 9 layers (or 4 lattice units) of Cu atoms placed at fcc lattice sites. The lattice constant is chosen initially equal to 3.615 Å. The interaction forces between Cu atoms are derived from the EAM potential [15, 16] 
where V i is the potential energy of atom i composed of the binary potential φ(r ij ) and embedded potential F accounting for electron density contribution ρ e . The interaction forces for the couples He-He and He-Cu are derived from the widely used Lennard-Jones potential
The parameters used in this paper are those from [18, 5] , ε He−He = 0.00088 eV, σ He−He = 2.28 Å, ε He−Cu = 0.0225 eV, σ He−Cu = 2.29 Å. The He-Cu parameters have been calculated using the Lorentz-Berthelot mixing laws from the He-He and Cu-Cu parameters in [18] . The last atom layer at the two walls is fixed (see Fig.  2 ). The remaining atoms of the wall and the gas are maintained at the same temperature 120 K by a usual scaling method after removal of the mean velocity. On average, the wall is kept immobile, i.e v w = 0.
In this work, the global number density of the gas are kept constant n = 0.0026 Å pg/Å 3 ) while the channel height H and acceleration γ x is varied to obtain results for different global Knudsen numbers and volume forces f . At the small density number and temperature of our simulations (e.g. 120 K), the helium is in gaseous phase. Three values of H = 361, 260 and 174 Å corresponding respectively to Kn=0.046, 0.064, 0.098 are considered. These three Kn numbers are chosen to fall into the range (0.01, 0.1) in order to assure the slip flow regimes in our test cases according to [11] . The two other dimensions of the simulation box along x-axis (the flow direction) and along y-axis denoted shortly by length L and width B are L = H and B = H/2. For each channel height, the acceleration applied on each atom is varied as γ x = 0.0036, 0.012, 0.024 Å/ps 2 . The computations are carried out by using LAMMPS, an open source parallelized code [17] on an IBM Power6 machine. The equations of the particle motion are integrated using a Leapfrog-Verlet algorithm with a time step 0.002 ps. The steady state is achieved after 5 × 10 6 time steps and it takes another 2 × 10 6 time steps for the average process. All the models are constructed in 3D with the parameters given in Table 1 . Due to the high density of the solid wall, an important number of Cu atoms are considered. The largest model, case Kn=0.046, involves 289 500 molecules and takes 8 hours of computation on 512 processors.
In order to obtain accurate solutions, the channel has been divided in a sufficiently large number of layers for the average procedure. For γ x = 0.012 Å/ps 2 and different Knudsen numbers, the velocity profiles in the upper half channel are plotted in Fig. 3 . We find good agreement between analytical solution (Eq. 13) and the numerical results in the major part of the channel. The global viscosity of the fluid µ and slip velocity v slip are obtained by fitting the numerical velocity profiles ( Fig.  3 ) with equation (13), given in columns 3, 4 of Table 2 . It is noted that the determination of µ is based the curvature of the velocity profile and the average density ρ, regardless of the redistribution of density at the steady state.
From the results reported in Table 2 , it can be seen that L * s /Kn tends to increase with Kn. This trend cannot be accounted for by the usual one parameter model. In order to determine the two constants α and β in our proposed model (see Eq. 14), we plotted two dimensionless quantitiesc from the last two columns of Table 2 into Fig. 4 . We found the straight line that best fits these data. In the framework of our problem, the two values α = 1.81 and β = 0.76 were determined. As expected, the value β is of order unity while α corresponds to an accommodation coefficient σ v = 0.71 which is in the experimental range [0.66, 1.0] by Seidl, reported in the paper of [5] for the couple HeCu. It is noted that these two bound limits 0.66 and 1.0 correspond to the two extreme impinging at angles 70
• and 10
• of helium molecules at a copper wall in Seidl's experiments (see Tab. 3).
The impact of parameter β on slip velocity depends on the relative importance between the two terms β and (Knµ * )
. For large Kn, the role of coefficient β becomes important, e.g. up to 20% when Kn = 0.098 while for small Kn, e.g. Kn = 0.046, this effect is almost negligible (6%). In order to compare with the classical model that involves a single parameter α, the numerical results are also fitted with a line passing through origin, the dashed line in Fig. 4 . The coefficient α predicted by the classical model takes the higher value α = 1.95 and shows more discrepancies with respect to the simulation results.
Concluding remarks and discussion
A new slip model for flows with volume force has been introduced. Two parameters with physical meanings that relates slip velocity and velocity gradient at walls are suggested. The first one is the traditional tangential momentum accommodation coefficient, as in the widely used Maxwell model, while the second one accounts for the additional velocity that a molecule encompasses owing to the applied force before striking at a the solid surface. Molecular dynamics calculations applied on the He-Cu couple allowed to determine both TMAC and the new parameter β introduced in the present work. TMAC is found to be in good agreement with experimental data. In the v slip expression, the effect of parameter β increases with Kn, i.e. when the limit of transitional flow is reached. The present model is useful for the global analysis of flows without knowing the presence of the Knudsen layer. In our MD simulations, both higher density and slower motion of gas molecules are observed near the walls and cause deviation of the numerical velocity from the Navier-Stokes solution. Similar phenomenon was encountered and discussed in [8] from molecular viewpoint. Generally, when a molecule reaches a surface, it does not bounce back immediately but is often trapped by the potential well. The molecules remains near the wall for some time, interacts with many other solid atoms before escaping. Accounting for the Knudsen layer should leads to more accurate results (see Lockerby et al. [19, 20] ). A model involving body force as well as Knudsen layer may be expected in the near future.
